Fosfomycin has attracted renewed interest for the treatment of lower urinary tract and even systemic infections caused by Gram-negative pathogens with resistance to traditionally used agents. The main concern regarding the clinical utility of fosfomycin refers to the potential for the emergence of resistance during therapy. In this review, we evaluate the available published evidence regarding the mechanisms and the frequency of in vitro mutational resistance to fosfomycin in Gram-negative pathogens. We also review data regarding the emergence of resistance in clinical studies of fosfomycin therapy in various infectious syndromes and data from studies that evaluate the evolution of fosfomycin resistance over time. There appears to be discordance between the high frequency of mutational resistance to fosfomycin in vitro and the lower extent of this phenomenon in clinical studies. This discordance could at least partly be attributed to a biological cost associated with common mutations that confer resistance to fosfomycin, including decreased growth rate and low adherence to epithelial cells for the resistant mutants. The development of resistance appears to be more frequent both in vitro and in clinical studies for Pseudomonas aeruginosa in comparison with Escherichia coli, whereas relevant data for other Enterobacteriaceae are relatively scarce. The urinary tract seems to provide a favourable environment for the use of fosfomycin with a low associated likelihood for the emergence of resistance, owing to high drug concentrations and acidic pH. Additional data are needed to further clarify the optimal use of fosfomycin for different infectious syndromes caused by contemporary multidrug-resistant pathogens.
Introduction
Fosfomycin is a natural antibacterial agent that has been known for .40 years and that has mainly been used in the treatment of uncomplicated urinary tract infections. 1 It has a broad spectrum of antimicrobial activity, including against Gram-positive cocci (such as Staphylococcus aureus and Enterococcus faecalis) and Gram-negative bacteria (such as Enterobacteriaceae and Pseudomonas aeruginosa, with the main exception being Acinetobacter baumannii). 2, 3 Recently, there has been renewed interest in the use of fosfomycin for the treatment of both urinary and systemic infections caused by multidrug-resistant Gram-negative bacteria, especially Enterobacteriaceae that are resistant to traditionally used agents. 4 This is mainly because fosfomycin seems to have retained antimicrobial activity against a substantial percentage of these isolates. However, clinical data regarding the use of fosfomycin for infections by such resistant pathogens are still limited. One important consideration for the clinical application of fosfomycin in the above respect is the potential for the emergence of resistance during therapy and for the selection of resistant mutants.
Mechanism of action of fosfomycin
Fosfomycin is a cell wall-acting agent that inhibits the first committed enzymatic step in peptidoglycan biosynthesis. 5 Specifically, fosfomycin binds to the enzyme UDP-N-acetylglucosamine enolpyruvyl transferase (MurA), inhibiting the formation of N-acetylmuramic acid (a precursor of peptidoglycan) from N-acetylglucosamine and phosphoenolpyruvate. The above reaction takes place in the cytosol.
Mechanisms of resistance to fosfomycin
Several mechanisms of resistance to fosfomycin have been described, including decreased drug uptake, modification of the target site and inactivation of the antibiotic. Chromosomal mutations can influence the function of fosfomycin membrane transport systems, resulting in low intracellular levels of the drug. Two transport systems for the uptake of fosfomycin into cells have been described in Escherichia coli, involving the glycerol-3-phosphate transporter (GlpT) and a hexose phosphate transporter (UhpT), respectively. 6, 7 The former transporter is constitutively expressed, while the latter is inducible, mainly in the presence of glucose-6-phosphate. 8, 9 Mutations affecting either of these transporters can result in fosfomycin resistance.
Resistance to fosfomycin can also arise as a result of alterations in biological systems that regulate the expression of the transporters mentioned above. Specifically, mutations in the ptsI gene can affect the function of the phosphoenolpyruvate: sugar phosphotransferase transport system and result in reduced intracellular levels of cyclic adenosine monophosphate (cAMP). 8, 10 Low levels of cAMP can also arise from mutations in the cyaA gene that codes for adenyl cyclase. 11 Low intracellular cAMP down-regulates the expression of the fosfomycin transporters GlpT and UhpT. 6, 12 The reduced expression of UhpT can also result from mutations in the uhpA gene, which encodes a response regulator protein for the transcriptional activation of the uhpT promoter in response to specific stimuli. 13 Another mechanism of resistance to fosfomycin involves the modification of MurA, the target of the drug's action. In E. coli, fosfomycin covalently binds to the cysteine-115 residue of MurA. The substitution of cysteine with aspartate in this active site has been shown to result in resistance to fosfomycin. 14, 15 Closely related alterations in the MurA structure exist in organisms with intrinsic resistance to fosfomycin, including Vibrio fischeri, Mycobacterium tuberculosis and Chlamydia trachomatis. 13, 16 Additional amino acid substitutions in the MurA enzyme of E. coli (Asp369Asn and Leu370Ile) have recently been found to relate to resistance to fosfomycin. 13 The overexpression of MurA is another mechanism that can contribute to the development of a fosfomycin-resistant phenotype. 17 Moreover, resistance to fosfomycin can often be associated with the presence of enzymes that inactivate the antibiotic. 18, 19 Three main mechanisms of this type have been described in pathogenic bacteria. Specifically, fosA encodes a glutathione S-transferase, fosB encodes an L-cysteine thiol transferase and fosX encodes an epoxide hydrolase. 20 These enzymes catalyse the addition of glutathione, L-cysteine and H 2 O, respectively, to C1 of the oxirane ring of the antibiotic. The fosA and fosB genes are typically found in plasmids of Gram-negative and Gram-positive bacteria, respectively, while fosX is a chromosomal enzyme of Listeria monocytogenes. Novel resistance determinants that mediate transferable resistance to fosfomycin through inactivation of the antibiotic have also been described. 21 Fosfomycin kinases that are involved in the degradation of fosfomycin have been identified in fosfomycin-producing bacteria, such as FomA and FomB in Streptomyces spp. and FosC in Pseudomonas syringae. 22 These kinases appear to protect fosfomycin producers from the harmful effect of the antibiotic. FomA catalyses the phosphorylation of fosfomycin to fosfomycin monophosphate and FomB catalyses the phosphorylation of the latter product to fosfomycin diphosphate. FosC has a similar function to FomA, with which it has shown 25.8% homology. 23 The above reactions require energy (ATP). Whether these kinases have a role in fosfomycin resistance in pathogenic bacteria is not known. Interestingly, ATP-dependent fosfomycin resistance has been identified in P. aeruginosa.
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Frequency of development of fosfomycin-resistant mutants in vitro
Mutants that are resistant to fosfomycin typically develop rapidly in vitro. 25 Several studies have quantitatively assessed the frequency of mutation to fosfomycin resistance for Gram-negative pathogens. We present the relevant data extracted from these studies in Table 1. 12, 26 -33 One study evaluated 109 isolates of various species that were collected at a hospital laboratory in France during 1974-75. 33 This study found that only 7.3% of the isolates did not develop any notable mutation to fosfomycin, whereas .50% of the isolates had a mutation frequency of 1×10 27 to 1×10 26 cells. Other studies have also demonstrated a relatively high frequency of fosfomycin-resistant mutants, particularly for strains of P. aeruginosa or Klebsiella pneumoniae, as compared with E. coli strains. 31, 32 In two studies that provided specific relevant data, the frequency of fosfomycin-resistant mutants for non-mutator E. coli strains was higher in comparison with rifampicin, with a difference in the magnitude of .2 log 10 values. 28, 29 Another study that evaluated a P. aeruginosa reference strain found that fosfomycin resistance mutations emerged as frequently as for imipenem, but considerably more frequently than for tobramycin (Table 1) . 26 Although the development of resistance to fosfomycin through single-step mutation in E. coli has been considered possible, 32 this appears likely only for hypermutable (mutator) strains. 28 Hypermutable strains of E. coli or P. aeruginosa, such as those with deficient methyl-directed DNA mismatch repair systems, have a 10-to 100-fold higher frequency of development of fosfomycin-resistant mutants. 26, 28, 29 Of note, a microbiological method that has been developed for the identification of hypermutable E. coli strains is based on the number of colonies that appear in the inhibition zone around fosfomycin and rifampicin discs. 34 Strains with .70 squatter colonies around the fosfomycin disc and .10 colonies around the rifampicin disc are considered to be strong mutators, although these data have not been adequately verified. 28, 35 One study has assessed the frequency of emergence of fosfomycin-resistant mutants both in vitro and in vivo using a P. aeruginosa lung infection model. 26 The in vivo mutation frequency was similar to that observed in vitro ( 10 27 ). If the rate of mutation for fosfomycin resistance that is observed in vitro is applied in models simulating clinical data, then the ensuing probability of emergence of fosfomycin resistance would be considerably high. 12, 36 One relevant study that has used an in vitro model for the treatment of bacterial cystitis with fosfomycin found a respective probability of .10
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Clinical data for the emergence of fosfomycin resistance Almost all randomized controlled trials that have evaluated treatment with fosfomycin refer to lower urinary tract infections and, particularly, the use of fosfomycin as a single-dose regimen. A recent meta-analysis of these trials reported that the Review Review emergence of resistance to fosfomycin was not observed in the included trials, although this issue was specifically addressed in only a few of the trials. 37 In Table 2 we present data from 10 clinical studies or trials that have evaluated the evolution of resistance to fosfomycin during therapy. 38 -47 The emergence of resistance to fosfomycin has been noted in 2.3% -6.7% of cases when this agent has been used for the treatment of infections other than uncomplicated cystitis, such as respiratory tract infections or osteomyelitis. Only one study, which evaluated the use of fosfomycin for chronic suppurative otitis, noted an apparently greater frequency of emergence of resistance (13.3%). 46 In all the above-mentioned studies, the pathogens that developed resistance to fosfomycin were P. aeruginosa, Proteus spp., Klebsiella spp. or Enterobacter spp. Of note, none of the above-reported cases of resistance emergence involved an E. coli isolate.
The emergence of resistance to fosfomycin appears to be relatively frequent for systemic infections with P. aeruginosa; values between 7% and 20% have been reported in four relevant studies. 41,45 -47 In the most comprehensive of these studies, fosfomycin was used in various dosages and routes of administration for the treatment of various infectious syndromes caused by Gram-negative and Gram-positive pathogens in a single-arm, multicentre trial in Spanish hospitals. The emergence of resistance to fosfomycin was noted for 3% of the 959 cases treated in total; this figure was considerably higher (10%) for the 86 cases of P. aeruginosa infection. 45 
Effect of fosfomycin on faecal flora
Certain studies have evaluated the effect of fosfomycin administration on the resistance characteristics of the faecal flora.
48 -50 Specifically, one study has sequentially assessed the changes in the resistance of faecal isolates after a single oral dose of 3 g of fosfomycin trometamol administered in eight healthy volunteers. 50 Fosfomycin-resistant coliform bacteria were isolated in three (37.5%) of the volunteers, but they disappeared by days 7-14. In another study, fosfomycin calcium was administered at a total daily dosage of 2 g for 28 days. 49 The number of E. coli in faeces decreased markedly during treatment and the surviving isolates remained susceptible to fosfomycin. However, there was a substantial increase in the number of Klebsiella and Enterobacter organisms isolated from faeces. After 2 weeks from the discontinuation of fosfomycin, the above changes tended to return to baseline. Lastly, in a clinical trial, 62 adult women with acute uncomplicated cystitis were randomized to receive orally 3 g of fosfomycin as a single dose, 250 mg of ciprofloxacin twice daily for 3 days or 100 mg of nitrofurantoin twice daily for 7 days. 48 No resistance to the administered agent, until the following 28-40 days, was noted for the E. coli faecal isolates in the fosfomycin and nitrofurantoin groups. In contrast, ciprofloxacin-resistant bacteria were isolated in 2/25 (8%) of the patients in the ciprofloxacin group.
Changes in the susceptibility to fosfomycin over time Despite the high in vitro frequency of fosfomycin resistance mutations, susceptibility rates have remained relatively stable since the introduction of this agent in clinical practice. In Japan, one of the countries where fosfomycin has been used clinically for the treatment of systemic infections, two studies have shown that the susceptibility of E. coli and P. aeruginosa isolates to fosfomycin did not change considerably after .20 years of use. 24, 51 In Table 3 we present data extracted from 12 European studies referring to temporal trends in the susceptibility to fosfomycin of various pathogens. 52 -63 Eight of these studies were performed in Spain, three were performed in France and the remaining one in Italy. In all three countries, fosfomycin has been used as an intravenously administered agent for the treatment of systemic infections, in addition to its oral use for lower urinary tract infections. Cumulatively, data from these studies cover a relatively long period of time, starting from the introduction of fosfomycin in clinical practice in the early 1970s. Most of these studies refer to urinary isolates, of which E. coli isolates constitute the majority. However, other Gramnegative and Gram-positive pathogens are also evaluated.
None of the above-mentioned studies has shown a major difference in the susceptibility to fosfomycin between the first and the last year of the study period, considering all of the pathogens evaluated. Particularly regarding E. coli, the susceptibility to fosfomycin did not decrease by .2.2% in any of the studies that provided specific relevant data. Regarding P. aeruginosa, one study showed a decline in the susceptibility to fosfomycin by 4% over 5 years, 54 whereas the remaining three studies that provided specific relevant data showed a slight increase in the susceptibility to fosfomycin over time. 58, 59, 61 The above data should be interpreted with caution, since most are not adjusted for the consumption of fosfomycin during the time period evaluated in each study. Of note, one of the above-presented studies, which was performed in a French hospital, reported a very low level of fosfomycin consumption between 1999 and 2005, in comparison primarily with fluoroquinolones and, secondly, with nitrofurantoin. 55 More importantly, a study from an urban community healthcare centre in Spain showed an increasing trend in the resistance to fosfomycin among urinary E. coli isolates, which was related to a .50% increase in the consumption of fosfomycin. 52 This could be related to the selection pressure for isolates, particularly extended-spectrum b-lactamase (ESBL) producers, carrying fosfomycin resistance determinants. However, another study performed at a single institution in Spain over a 3 year period (1973 -75) did not identify an association of fosfomycin resistance with the consumption of this antibiotic in the institution. 63 
Biological cost of fosfomycin resistance
According to the data presented above, mutational resistance to fosfomycin appears to emerge rather frequently in vitro for Gram-negative bacteria. However, this does not absolutely coincide with the frequency of resistance development reported from clinical studies that evaluated fosfomycin for the treatment of human infections, as well as with the evolution of susceptibility to fosfomycin over time, which has remained relatively stable in different settings. This could imply that the development of resistance to fosfomycin may also confer a biological cost.
Certain in vitro studies have found that fosfomycin-resistant mutants of Enterobacteriaceae have a reduced growth rate 64, 65 Two of these studies have additionally shown that fosfomycin-resistant mutants of the above organisms have a decreased capacity to adhere to uroepithelial cells. 64, 65 These data could imply that fosfomycinresistant mutants of E. coli and possibly of other Enterobacteriaceae might have decreased virulence, at least when urinary tract infections are considered. This is because the growth rate and adherence of bacteria to endothelial cells are important properties for an organism to be able to persist in the environment of the urinary bladder. 66 The development of mutational resistance to fosfomycin, through inactivation of glpT, does not appear to confer a biological fitness cost in P. aeruginosa. 26, 67 This has been shown in terms of the bacterial growth rate and lethality, and in competition experiments in a mouse lung infection model. 26 Interestingly, though, the presence of either of two fosfomycin resistance mechanisms (overexpression of fosA or mutation in glpT) resulted in lower numbers of persister cells of P. aeruginosa after exposure to ofloxacin. 68 Persister cells are important for the perpetuation of biofilm infections despite antibiotic treatment. 69 The above finding was observed in the absence of fosfomycin and could be explained by inactivation by FosA or decreased uptake through GlpT of a structural analogue of fosfomycin that can promote the persister phenotype.
Further in vivo and clinical data also appear to support the idea that the development of mutational resistance to fosfomycin might have a biological cost for E. coli. In an experimental study, two fosfomycin-resistant strains of E. coli demonstrated decreased virulence against mice, compared with their fosfomycin-susceptible parent strains. Additionally, in a multicentre, randomized clinical trial, fosfomycin was compared with doxycycline (both administered in combination with metronidazole) as antibiotic prophylaxis in elective colorectal surgery. 70 Although in the final compared with the first study period the percentage of fosfomycin-resistant aerobic Gramnegative isolates identified in preoperative faecal cultures increased considerably (from 9% to 17%), the percentage of fosfomycin-resistant isolates identified in cultures of infected surgical wounds remained constant at 10%. This may imply that the fosfomycin-resistant faecal isolates had relatively lower virulence for causing wound infections. Notably, the same phenomenon was not observed with doxycycline, for which the wound isolates had resistance rates that increased 2-fold during the study.
Interpretation of the biological cost of fosfomycin resistance
The biological cost of the mutations that confer resistance to fosfomycin in Enterobacteriaceae could be attributed to the loss of important cellular functions. 71 Mutations in the fosfomycin transporter glpT are thought to result in the decreased utilization of glycerol-3-phosphate as a carbon source. 72 Glycerol-3-phosphate is essential for many metabolic functions in E. coli, including glycolysis and phospholipid biosynthesis. 73 Additionally, mutations in the ptsI gene can result in disruption of the transport of multiple carbohydrates. 72 These types of mutations have been associated with decreased virulence for certain bacteria, including Shigella flexneri and Salmonella typhimurium. 74 Mutations in the ptsI gene and other genes such as cyaA can also cause a lower intracellular concentration of cAMP, with a subsequent decrease in pilus biosynthesis and in the ability to adhere to epithelial cells. 12 These effects have not been confirmed for P. aeruginosa, which primarily utilizes glycerol as a carbon source. 26 Moreover, there appears to be only one fosfomycin transport system in P. aeruginosa (the one related to GlpT); mutations in other transport systems are not associated with fosfomycin resistance. 67 Mutations leading to fosfomycin resistance through alterations in the affinity of binding with MurA, the drug's target of action, have been shown to result in impaired cell wall synthesis, leading to morphological changes in the cell. 15, 64 Moreover, MurA is considered essential for many cellular functions in E. coli. 75 Lastly, resistance to fosfomycin related to mechanisms of inactivation of the drug can be energy-dependent, decreasing the energy sources that are available for other cellular functions.
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Relation of in vitro data to clinical data There are many aspects that relate to the development of mutational resistance to fosfomycin in vitro, which could differ when this drug is used clinically. First of all, the spectrum of mutations that are observed in fosfomycin-resistant clinical isolates may be different from those observed in vitro.
12 Greater alterations in the genetic structure have been noted among clinical isolates. 8, 13 The development of high-level resistance to fosfomycin may require acquisition of mutations in more than one biological system, which might not be very likely to occur during fosfomycin therapy. 17, 28 Fosfomycin-resistant clinical isolates may also need to acquire additional mutations to compensate for the biological cost associated with the presence of fosfomycin resistance mechanisms. 12 Certain clinically relevant factors can influence the rate of development of fosfomycin-resistant mutants. A lower frequency of resistance development has been observed at higher fosfomycin concentrations. 31, 36 A study that evaluated the frequency of emergence of fosfomycin-resistant mutants for different pathogens in vitro, at three different fosfomycin selection concentrations (250, 1000 and 2000 mg/L), showed an inverse association between resistance frequency and fosfomycin concentration. 31 Under a low pH of 6, no fosfomycin-resistant mutants were seen at a fosfomycin concentration of 2000 mg/ L. In contrast, at a fosfomycin concentration of 250 mg/L, resistant mutants were observed, with decreasing frequency, for all three K. pneumoniae strains, all three P. aeruginosa strains, three of five Proteus spp. strains, but none of the three E. coli strains tested. In another study that tested the exposure of four E. coli strains with different levels of susceptibility to two doses of fosfomycin according to a simulated in vitro model of bacterial cystitis, resistant mutants were observed with peak fosfomycin concentrations of 50 and 250 mg/L, even for the two fully susceptible strains. 36 In contrast, no resistant mutants were observed when the peak fosfomycin concentration was 2500 mg/L.
Moreover, the frequency of development of mutational resistance to fosfomycin could be lower at acidic pH. 31 The above Review factors may translate into a low probability for the emergence of resistance to fosfomycin when this drug is used for the treatment of urinary tract infections. With a single 3 g dose of fosfomycin trometamol, peak urine concentrations are in the range of 1053-4415 mg/L, while drug levels .128 mg/L can persist for .24-48 h. 76 The short period of exposure of uropathogens to this drug with the single-dose regimen used for uncomplicated cystitis is an additional factor against the development of resistance to fosfomycin. 38, 77 Achievable fosfomycin concentrations in other body compartments or sites are substantially lower than in the urine. According to data from several studies, after intravenous administration of a 4 to 8 g fosfomycin dose, mean peak serum levels are commonly in the range of 200 to 400 mg/L, respectively. 78 Site to serum concentration ratios can be 0.32 -0.54 for lung tissue, 0.23-0.26 for cortical bone, 0.17-0.20 for CSF, 0.39 -0.69 for muscle and 0.39-0.49 for subcutaneous tissue. 78, 79 The clinical implications of the lower penetration of fosfomycin in body sites other than the urine can be important, but this issue has not been well evaluated. In general, the exposure of pathogens to different concentrations of antibiotics may induce different types of mutations that can confer variable levels of resistance. 80 The exposure of pathogens to concentrations of certain antibiotics that are close to the MIC can also induce an SOS response, promoting mutagenesis. 81 In this context, the use of the highest recommended fosfomycin dose is warranted for the treatment of systemic infections. 79 Furthermore, certain biological substances can modify the frequency of development or the level of resistance to fosfomycin. 12, 33 The main example is glucose-6-phosphate, which can induce the alternative hexose transport system of fosfomycin for Enterobacteriaceae strains that have an impairment of fosfomycin transport via GlpT. 6, 8, 15 The presence of exogenous cAMP can also induce fosfomycin transport in pathogens with mutations affecting the intracellular concentration of cAMP. 6 Of note, a higher frequency of mutations for fosfomycin resistance has been detected in Mueller -Hinton agar compared with nutrient agar. 32 Lastly, it should be noted that the evolution of resistance to fosfomycin in a bacterial population has not conclusively been shown to positively correlate with the mutation frequency of the population. 28 -30 This could be attributed to the fact that hypermutable strains have a higher likelihood to develop deleterious mutations, apart from those that confer resistance to an antibiotic. 82 These mutations may not facilitate the proliferation of the antibiotic-resistant strains.
Critical evaluation of the available evidence
There are many biological mechanisms in Gram-negative pathogens through which mutational resistance to fosfomycin can develop. The one most frequently observed in vitro relates to a decrease in fosfomycin uptake into cells. Resistance can also relate to mutations in the drug's target of action, influencing its affinity with the antibiotic or its degree of expression. In vitro, the mutation frequency for fosfomycin resistance in Gram-negative pathogens is relatively high, compared with the case for other antibiotics. In clinical studies, though, the degree of development of resistance to fosfomycin during fosfomycin use for urinary tract infections and other infectious syndromes appears to be considerably lower than that expected from the relevant in vitro data. This is also in line with the findings of studies that have evaluated temporal trends in fosfomycin resistance. Specifically, fosfomycin resistance rates in Gram-negative pathogens have been found to be relatively stable, even in countries where fosfomycin has been used as a systemically administered agent.
The above apparent discordance between in vitro and clinical data could, at least partly, be attributed to a biological cost associated with most of the mechanisms of development of mutational resistance to fosfomycin. Furthermore, many biological factors can influence the degree of development of resistance to fosfomycin during the treatment of human infections.
It should be noted that most of the above data for fosfomycin resistance have been observed for E. coli isolates. Differences may exist regarding other Gram-negative pathogens, particularly P. aeruginosa, which appears to have a relatively higher in vitro mutation frequency as well as a higher likelihood for the development of resistance to fosfomycin with clinical use. Some studies also indicate that there is no biological cost associated with fosfomycin resistance in P. aeruginosa. Differences in the frequency of development of resistance may also be observed regarding the use of fosfomycin for different sites of infection. For lower urinary tract infections, in particular, the likelihood of development of resistance to fosfomycin during therapy appears to be low, because of the high drug concentrations, the acidic pH, short-course therapy and, presumably, the low adherence of fosfomycin-resistant mutants to the epithelial cells. 78 It is difficult to extrapolate data on the in vitro mutant frequency and the in vitro-or in vivo-determined biological cost of fosfomycin resistance for the estimation of clinical outcomes, such as the probability of development of resistance during fosfomycin therapy for Gram-negative infections and the virulence of fosfomycin-resistant mutants. 71 In a complex biological system like human infection, the probability of resistance developing during fosfomycin therapy plausibly depends on the rapidity of the eradication of the infecting organisms, which in turn depends on the pharmacokinetic and pharmacodynamic parameters of the drug for specific sites and types of infection, as well as the integrity of the host's defences and the efficacy of the host's immune response. 83 The level of fosfomycin resistance exhibited by the fosfomycin-resistant mutants can also be an important determinant of the outcome of fosfomycin therapy.
The biological cost of resistance may relate to the specific biological system affected, as well as the genetic background in which the resistance occurs and the environment in which it is expressed. 84 Thus, it may be species and strain specific or it may depend on the type of infection (e.g. whether it is acute, chronic or foreign-body associated). Whether the magnitude of the biological cost of common fosfomycin resistance mutations is clinically relevant for affecting the treatment outcome has not been determined. Moreover, the probability of development of compensatory mutations during treatment has also not been established.
Given the high spontaneous mutation rate for fosfomycin resistance in vitro, the use of additional antimicrobials in combination with fosfomycin is reasonable for preventing the development of fosfomycin resistance during therapy and maximizing treatment outcome. 85 The choice of candidate drugs to be combined with fosfomycin should be based on antimicrobial activity against the infecting strain, as well as on potential synergy and specific data for preventing the development of resistance. Carbapenems and aminoglycosides have often been found synergistic in combination with fosfomycin against Gramnegative pathogens. 86, 87 Among these two classes, aminoglycosides may be particularly efficacious in preventing the development of resistance to fosfomycin, but this can be species specific. 88 -90 It is also difficult to estimate the rapidity of development and the rate of resistance to fosfomycin that will be observed among Gram-negative nosocomial or community isolates, if fosfomycin is used widely for the treatment of such infections. 83, 91 The above parameters depend on the transmissibility of fosfomycinresistant mutants, the likelihood of integration of chromosomal fosfomycin-resistant determinants into mobile genetic elements and of horizontal gene transfer, the selection and spread of preexisting plasmid-mediated fosfomycin resistance, as well as the level of antibiotic pressure, and the probability of co-selection of fosfomycin resistance by other antibiotics. 92 
Conclusions
Although the observed in vitro mutation frequency for fosfomycin resistance in Gram-negative pathogens is high, the relevant data from clinical studies and data regarding the evolution of resistance over time could ameliorate concerns related to the potential for the development of resistance to fosfomycin during therapy. This issue may be of greater concern for Gramnegative pathogens other than E. coli, particularly for P. aeruginosa, and in the treatment of syndromes other than urinary tract infections. Nevertheless, from a clinician's standpoint, the administration of fosfomycin for the treatment of systemic infections in combination antimicrobial regimens with the aim of preventing the emergence of resistance seems prudent until further relevant evidence becomes available. Particularly, data regarding the use of fosfomycin for the treatment of infections caused by contemporary multidrug Gram-negative pathogens are awaited to further delineate issues regarding the optimal clinical use of this revived antimicrobial agent.
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